With the increase in frequency and severity of flash flood events in major cities around the world, the infrastructure and people living in those urban areas are exposed continuously to high risk levels of pluvial flooding. The situation is likely to be exacerbated by the potential impact of future climate change. A fast flood model could be very useful for flood risk analysis. One-dimensional (1D) models provide limited information about the flow dynamics whereas two-dimensional (2D) models require substantial computational time and cost, a factor that limits their use. This paper presents an alternative approach using cellular automata (CA) for 2D modelling. The model uses regular grid cells as a discrete space for the CA setup and applies generic rules to local neighbourhood cells to simulate the spatio-temporal evolution of pluvial flooding. The proposed CA model is applied to a hypothetical terrain and a real urban area. The synchronous state updating rule and inherent nature of the proposed model contributes to a great reduction in computational time. The results are compared with a hydraulic model and good agreement is found between the two models. θ Non-dimensional flow relaxation parameter V c Water volume of the central cell (¼A c .d c ) v Corrected flow velocity between cells (m/s) v* Flow velocity between cells calculated before correction (m/s) WL Water level elevation (m) z Ground elevation (m) Δt Size of a time step (s) ΔV i Volume to be distributed to layer i from the central cell (m 3 ) ΔV k Volume transferred to layer k from the central cell (m 3 ) ΔWL i Difference of water surface levels between cells ranked i and i þ 1 (m) Δx Distance between the centres of two adjacent cells (m) B. Ghimire et al. | Fast 2D cellular automata urban flood model
ABBREVIATIONS AND NOTATIONS
These approaches required considerable pre-processing effort to extract the key information from the detailed terrain and building features to such an extent that parallelization of computing processes has become another solution to speed up the computing of 2D models. Lamb The calculation process starts with cell ranking, based on the water surface elevation, in the local NH with five discrete states of cell ranks {r ¼ 1, 2, 3, 4, 5}. Figure 1(a) shows that the space between the water levels of cells is divided into four layers. L i is the free space between the water levels of cells ranked i and i þ 1 that can accommodate the water volume from cells with higher ranks. If the rank of the central cell is r c (e.g. rank 3 as shown in Figure 1 (b)), there will be r c -1 number of cells receiving water as flux through the NH cell boundaries. In the distribution among layers, there will be at most r c -1 layers to receive water, if enough water is available in the central cell. Thus outflow volume to the layer i can be given by the following formula that is applied locally for each cell considered:
where V c is the water volume of the central cell in the previous time step; ΔV k is the volume distributed to layer k, P iÀ1 k¼1 ΔV k the total volume has been distributed to layers 1 to i À 1; V c À P iÀ1 k¼1 ΔV k represents the remaining volume available for distributing to layer i after filling i-1 layers. P i k¼1 A k is the total surface area of layer i; ΔWL i is the water level difference between cells ranked i and i þ 1; ΔWL i P i k¼1 A k is the available space for storage in layer i. For the layer adjacent to the central cell, an additional term
ΔV k ! is applied to limit ΔV i , which assumes that the water levels for all cells will reach an equivalent level. Thus, a cell with rank r receives water only from cells with higher ranks and the water received is added on top of its own water neighbouring cell with rank i is calculated as:
For a regular grid, the areas of the central cell, A c and the neighbouring cells, A k , are constant over the domain.
However, the methodology is applicable to different grid settings. Therefore, a cell containing buildings that do not allow water to flow in can be described using a variable cell area to reflect the reduced space occupied by buildings.
Depth updating
A very important step in the CA approach is the execution of the state transition rule. In the present CA calculations, the global continuous state is the flow depth in a grid cell, which is updated for every new time step. This is done by algebraically summing the water depth from all its four neighbours.
The following transition rule is used to update the flow depth:
where, θ is a non-dimensional flow relaxation parameter that can take values between 0 and 1, F is the total volume transferred to the cell under consideration as calculated from Equation (2) 
where, d* is the water depth of flow available at the interface, which is the difference between higher water level and higher ground elevation of the central cell and its neighbour cell to the interface
where, WL and z are the water level and ground elevation respectively and the subscripts C and N represent central and neighbouring cells respectively.
To prevent the velocity from overshooting, a cap on the local allowable velocity is applied as given by Equation (6) based on the Manning's formula and critical flow condition
where, the hydraulic radius R is taken to be equal to the water depth d and S is the slope of water surface elevation and is always positive for outflow calculation. If v is less than v*, the interfacial flux F is recalculated by replacing v* with v in Equation (4).
The global time step is then calculated based on the global maximum velocity to satisfy the conventional CFL criteria. Therefore, each time the state transition rule is applied, the global time step is updated using maximum velocity calculated from all cell interfaces, as given by
where v j is the velocity calculated for jth cell interface for the entire domain.
MODEL TEST CASES
The model we developed has been applied to two case studies: 
Hypothetical terrain
The model was tested on a hypothetical terrain shown in 
RESULTS AND DISCUSSION

Hypothetical terrain
The snapshots of flood depth at selected timings are shown in Figure 4 . The runoff flowed northward along the steepest slope and accumulated in the pond area. The drying and wetting processes during this spatio-temporal flow evolution were reproduced in a manner one would expect. It can also be observed that the water exchange between the two pond areas took place through the narrow strip on the lower side of the area.
The water depth hydrographs computed by both UIM and CA models at various check points are compared in Figure 5 . Figure 5(a) shows the hydrographs at the point have been incurred in hydraulic models based on partial differential equations. In both the cases mentioned above, the CA model run times were over 30 times shorter than that for the UIM for no significant discrepancies in the results. One can expect greater discrepancies, which requires further investigation, in high velocity flows where the momentum of flow speed governs the process. It should also be noted that the proposed CA algorithm is particularly suitable for parallelization which would increase the computational power of the model and therefore the range of applications. The CA approach will be further developed to include both overland flow and the sewer network flow. The 2D CA model will be enhanced by including hydrological losses, e.g. infiltration. The methodology will be further improved to minimize the discrepancy and an investigation will be conducted into the relaxation parameters in detail so that they can be determined automatically. The model presented here might also be extended to incorporate the influence of buildings based on the concepts of BCR and CRF introduced in Chen et al. (a).
